PHYSICAL  REVIEW  B  66.  115306  (2002) 


Charueterizatiun  of  one*dimtfnsjonul  quantum  channels  in  InAs/AISb 


C,  H.  Yaog,^  M.  J,  Yang.'  K.  A.  Cbeog.'  and  J.  C.  CuJbeitsoQ 
^Dtpanmenf  of  Elecirital  and  Civnpmer  Engineering,  Unh'envy  of  Morvland,  CoUege  Park.  A/an'ifln^207**? 
'Navtd  Researrh  Laboratory,  ^shingion,  DC  20S7S 

(RcLTived  7  Dectrmber  2001;  nrviaeJ  fiuau»cnpi  rectived  27  February  2002.  publishers  September  2002) 


We  repun  oo  (he  mofueloresistanre  dumclerislics  of  ooe-dimeniiooal  eleLVona  cuoBoetJ  in  a  single  InAs 
i|Ujn(Ufn  H'ell  wndwicbed  beiween  AJSb  burners.  As  u  re%uli  (iT  d  nanofubnouuon  scheme  iJinl  uuliees  e 
i-cun- shallow  wei  chemical  eiuhiog  u>  Uefine  the  eleL*irDulatic  loleml  con/ineToeaL.  iJie  sysion  is  found  lo 
possess  ihrte  importonl  fjropenies'  specular  boundary  sculiering.  a  strong  InleraJ  cunfinemeni  poienual.  und  j 
cooducimg  dunoe)  wiJ(b  ilul  is  appsnumiUely  ibe  liibogriiphy  widih.  Bollislic  iraoapon  pbenaraeuL  locluJing 
(he  i|uenchinp  of  the  Hull  resisUince.  the  (asl  >Lil)  pluleau.  4ind  j  sirong  negutive  bend  levisUince.  ore  ulnerved 
ai  4  K  m  cross  junctions  wiib  durp  coroert  In  a  ring  geonieijy.  we  have  observed  Ahoronov-Bohm  mlerfer- 
ence  ihui  exbibils  cbimcienstics  differeni  from  Oiose  of  the  GaAs  counlerpan  due  lo  the  bullisuc  naiure  of 
eleviron  (ronsport  and  (be  namjwnessi  of  ibe  cooducting  chomiel  width. 
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I.  INTRODl'CTION 

ElectToiu  confined  in  low«dimensional  systems  have  been 
under  iDlensive  lovesdgaLion  bolb  tbeorelicaUy  and  experi* 
menlaJly  in  recent  yean.’  ’  One  popular  sample  system  in* 
volves  semiconductor  heteroj unctions.  panicuJaily  the 
GoAs/AJ,Ga|_,As  high  electron  mobility  transistor  stnicrure 
grown  by  moleculai^beam  epitaxy  (MBE).  Tbe  two* 
dimensional  (2D)  electrons  at  the  hclerojunction  interface 
exhibit  high  mobility,  long  mean  free  path  (/,),  and  long 
(riiase  coherence  length  (/^i.  A  typical  fabheation  nsetbod  to 
confine  electrons  laterally  into  quasi*one*  and  quasi*zcrD* 
dimensions  is  the  use  of  split  galesi'^*'  Schottky  gales  depos* 
ited  at  the  surface  can  deplete  the  electrons  below,  thereby 
dehiuDg  2D  electrons  into  an  arbitrary  patlero.  Nanostruc* 
tures  fabricated  by  this  approach  have  revealed  interesbng 
new  quantum  phenomena.’  However,  in  tbe  Scholtky  split* 
gale  approach,  due  to  the  material  properties  and  confine* 
meni  eleclroslatics,  the  confinement  potential  is  parabolic'^  In 
tbe  lateral  directions.  The  resulting  ID  level  spacing  is  at 
most  a  few  meV.  In  addition,  it  is  difficult  to  control  the 
channel  width  when  it  is  below  100  nm  in  this  materials 
system.  New  techniques  for  patterning  narrower  (<  100  run) 
quantum  wires  and  dots  are  therefore  of  fundameolal 
interest. 

Recently,  we  have  reported  a  technique^  for  nanofabrica* 
don  in  the  InAs/GaSWAlSb  6.1*A  material  system''  that  uli* 
lizea  the  large  difference  in  the  surface  Fenni*level  pinning 
positions  for  loAs  [£j(lnAsi]  compared  with  lh?^l  for  AJSb. 
While  ibis  fabrication  technique  is  of  interest  in  it  own  right. 
It  IS  important  that  electrons  in  ihe  resulting  quantum  wires 
mainLiio  long  elastic  mean  free  paths  and  phase  coherence 
lengths  SO  that  they  provide  a  useful  system  for  expenmcntal 
studies  and  for  device  upplicadoos.  We  report  in  this  paper  a 
syslemadc  study  of  transport  characteristics  as  a  funedon  of 
the  widlh  of  quantum  wires  fabricated  using  out  technique, 
whicb  employs  bigh*resolulion  eleclron*beam  blhography 
and  wet  chemicol  etching  in  high  mobility  AlSb/InAs^AISb 
single  quantum  wells  (QW's). 

We  demonstrate  that  this  system  possesses  three  important 


properties  that  ore  crucial  for  practical  oppheatioos  in  buJd* 
ing  a  complex  coherent  circuit  within  o  mean  free  path.  Pint, 
the  lateral  boundary  scattering  is  found  to  be  more  than 
specular,  which  means  that  InAs  nanowares  can  mainiain  a 
long  .  Second,  as  a  result  of  the  tight  laleral  ID  confine* 
meni  and  a  smaller  electron  mass  in  InAs.  ihe  ID  sublevel 
spacing  is  found  lo  be  a  few  times  bigger  than  in  the  GaAs 
system.  Third,  the  conducting  channel  widlh  ( is  found 
to  be  approximately  only  .30  run  narrower  than  the  wire 
widlh  { W>.  This  mokes  it  possible  lo  tightly  control  the  wire 
width,  and  most  importaolly,  to  place  multiple  nanodevices, 
such  as  dots  and  rings  in  close  proximity  and  within  the 
coherence  length  for  quantum  interference 
experiments 

IL  NANOFABRICATION  OF  ID  WIRES 

We  will  first  describe  the  nanofabric alion  scheme  here. 
The  samples,  grown  by  MBE  on  semi*insnJating  GaAs  sub* 
strates.  consist  of  a  I00*nm  AlSb  bottom  barrier,  a  17*nm. 
InAs  QW.  a  2S*run  AJSb  top  barrier,  and  a  lhree*layer  cap 
(3*nm  lnAs/3*nm  AlSb/3*nm  InAs)  The  capping  layers  are 
intenoonally  /r*doped  to  10‘^  cm''.  As  a  result  of  a  rela* 
tively  low  E^lnAs)  and  the  doped  profile,  there  are  no  free 
camels  in  the  17*nm  InAs  single  quantum  well  so  tbe  quan* 
turn  well  is  insulating  os  grown  at  4  K  Figure  1(a)  shows  the 
self*coQsisieo!  band  bending  for  as*grown  samples,  where 
the  lowest  subbarvd  in  the  InAs  QW  is  found  lo  be  -~i00 
meV  above  the  Perrm  level  Simply  by  selectively  removing 
the  first  thin  /i*doped  InAs  cap  layer  with  a  wet  etch,  the 
surface  Fermi  level  becomes  pinned  on  AlSb  and  shifles  up* 
ward  by  half  an  electron  volt.  This  results  in  a  drastic  change 
in  the  bond  bending  as  shown  in  Fig.  1(b),  arvd  creates  a 
conducting  election  channel  in  tbe  buried  InAs  quantum 
well.  Quantum  Hall  plateaus  and  Shubnikov  de  Haas  (SdH) 
oscillaiions,  both  charxterisdes  of  2D  electrons,  are  clearly 
observed  on  phololithographicolly  potiemed  Hall  bars.  We 
obtained  a  2D  electron  concentradon  (ffioi  4.92X10” 
cm"  ’  and  a  mobility  I  fiio)  of  iOX  10*  em’/V  s.  The  cone* 
spending  Fermi  wavelength  (X^).  Fermi  energy,  and  Ig 
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RG.  1.  Self-coaMticni  biutd  bending  fur  (a)  u^-grown  and  (b) 
eidied  InAs/AlSb  qiunlucn  welL»,  where  energy  in  referretl  lu  die 
Fernu  eoergy.  The  iwo  solid  line%  m  Ihe  InA^i  s^u^iaiiim  well  iind  in 
ibe  3-am  InAs  coppmg  lnyeri  indicnu  the  5nl  iwo  ^ubbanda. 

aic  calculated  lo  be  36  run,  43  ireV,  and  Z3  fim, 
respecbvely.^  In  ihe  following,  we  will  deiicribe  how  we  pal* 
lem  I D  wirea/rings  by  eleclron*beain  lithography, 

IVo  sets  of  metallic  alignment  marks  foe  coarse  and  hne 
aJigiunenls  are  hrsi  defined  by  phololithogiaphy.  The  sample 
IS  then  coaled  with  a  layer  of  PMMA  [poly(methyl  melhocry* 
late)]  resist,  and  expned  to  a  40*keV  elecDcm  beam  for  de* 
vice  patterning.  PMMA  is  a  positive  tone  resist,  i.e..  the  re* 
glon  expned  to  elecDcm  beam  wiU  be  removed  after 
development.  We  then  use  PMMA  a.s  the  etch  mask  and  the 
paDemed  opening  is  subjected  lo  wet  etching.  A  highly  se* 
lecDve  clchanl  removes  the  top  3*nm  InAs  and  stops  at  the 
AlSb  cap.  After  the  wet  etching  is  accomplished,  the  PMMA 
IS  removed.  Bonding  pods  are  delined  by  the  second 
electron*beam  lithography,  where  all  the  cap  layers  and  the 
top  AJSb  barrier  ore  etched  off.  followed  by  metal  evapora* 
Don  on  the  exposed  loAs  QW  surface  and  lift  off.  Figure  2 
shows  an  AFM  (atomic  force  microscopy)  topographic  im* 
age  of  a  figure*S  structure,  which  bas  a  diameter  of  70U  run 
and  |V^80  nm.  The  bright  region  is  lower  thou  the  held  by 
approumaiely  3  nm,  consistent  with  the  roetallurgical  thick* 
ness  of  the  InAs  cap.  The  grain  feature  in  the  field  Is  the 
residual  PMMA  granules.  A  thorough  dilution  using  acetone 
leaves  the  held  with  fewer  PMMA  particles  We  hnd  this 


tim 


RG  2.  AFM  imjge  of  u  figure-8  geometry  with  a  diarrveter  of 
700  nm  jmi  80  nm  The  bnghi  region  is  lower  thsn  the  field  by 
jpproximuiely  3  nm 


fabrication  technique  convenient  as  the  pattern  can  be  arbi* 
iranly  geoeiaied  by  computer  graphics.  The  wet  eichlog 
method  is  demonstrated  to  be  highly  selective.  Most  impor* 
tanily.  because  we  are  only  Luget  a  shallow,  3*ara  etch  depth, 
the  uncertainly  in  the  W  is  limlied  to  be  within  a  few  nanom* 
eiers.  as  shown  in  Fig.  2.  In  the  I7*nm  InAs  quantum  well 
layer,  the  region  underneath  ifae  held  remains  insulating  at 
4.2  K.  but  that  below  the  etched  paltem  contains  electrons, 

III.  MAr.NETORESI.ST.4NCE  IN  LONG 
NANOWIRES;  DIFFl  SI\'E  TRANSPORT 

A.  Specularlly  uf  liuuodarv  scatltring 

The  loleml  confinement  of  electrons  underneath  the 
eichcd  area  is  electrostatically  similorlo  the  case  of  Schotiky 
gate  depletion  approach.  It  is  then  expected  that  ID  electrons 
fabricated  by  our  technique  maiotain  a  long  /«,  and  inseosi* 
tive  to  W.  In  order  to  determine  the  specularity  parameter p 
of  ihc  boundary  scattering.^  we  have  carried  out  magne* 
lotranspon  measurements  at  7—4.2  K  using  the  Hall  bar  ge* 
omelry.  We  fabricated  eight  Hall  ban  with  different  targeted 
width  (W'f),  including  5  fmL  I  pm.  700  nm.  430  run,  300 
nm,  200  nm,  100  nm.  and  80  nm.  Each  Hall  bar  has  two 
channel  lengths  L  —  IS  /rm  and  L— 4  Wj  (except  for  80  nm. 
L-S  W,t.  The  AFM  inspection  on  the  Hall  bars  shows  W 
■tWj+30  nm,  due  to  the  proximity  effect  in  electron  beam 
lithography  and  the  isotropic  wet  etching.  All  of  the  Kali  bars 
are  fabricated  ftom  the  iiamc  wafer  and  are  at  most  a  few  mm 
apart.  Other  than  the  buiJt*iQ  oonuniformity  inherent  in  MBE 
growth,  their  structures  are  identical.  The  ac  driving  current 
is  kept  between  10  to  100  oA,  roughly  scaled  with  Wj.  and 
the  resulting  voltage  drop  across  two  current  leads  is  much 
less  ifauo  the  thermal  energy.  Figure  .3  shows  the  (a)  loogiiu* 
dinal  (p,j  arvd  (b)  ihc  transverse  mogneioresisiances 
for  different  Wj  with  L— IS  fim  As  discussed  by  Thornton 
et  u/..^  partially  diffusive  boundary  scattering  can  remit  in  a 
positive  zero* field  magoetoresistance,  which  reaches  a  maxi* 
mum  at  that  scales  with  the  ratio  of  the  cyclotron  radius 
of  Fermi  electrons  to  the  conducting  width 

as  H'e*>0.5S  the  other  hand,  junction  scat* 

lering  can  also  cause  o  distinct  magnelocesistance  peak*'* 
below  ilfTit  where  Bcni  ^  magnetic  held  beyond  which  the 
cyclotron  orbit  is  smaller  than  the  channel  width,  i.e.,  2 
<  Wf .  for  different  W, .  assuming  W, »  W, .  are  hsted  in 
Table  I.  where  B^»0.275Be„, .  The  way  to  distinguish 
these  two  phenomena  is  by  investigating  wires  with  different 
lengths’^  Mognctocesistance  peaks  resulting  from  diffusive 
boundary  scattering  are  observable  only  when  L>1,,  while 
that  from  Junction  scattering  is  more  obvious  in  the  ballistic 
regime.  L</, .  As  shown  in  Fig.  3(a).  the  data  do  not  display 
a  magoetoresistaoce  peak  except  for  a  weak  kink  when  W, 
<700  nm,  where  ihe  corresponding  B^^  is  indlcalcd  by  the 
arrow.  (By  comparison,  magnetoresistance  peaks  can  be 
cleariy  identified  for  the  short  segments  due  lo  the  cross 
junction  scalteriog  wbeo  100run<W^<l  jim.  This  will  be 
discussed  in  Sec.  IV  B.)  As  a  result,  the  lower  bound  for  the 
probability  of  specular  scattering  is  detennloed  lo  be 
—95%  from  I  — p— 700 nm/15  jitn.  The  observed  nearly 
100%  specularity  indicates  that  I,  is  predominately  limited 
by  impurity  scattering  lo  long,  narrow  wires. 
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FIO.  3.  (a)  Lxingiiudinal  und  (b)  inuuverse  mifnelore^istunce 
obluifKiJ  Trum  Hal)  bars  with  a  chanisel  length  of  IS  /un  for  vonoim 
Wj .  The  iUToa>s  uuljcaie  the  posiuon  of  as  djscu^sed  in  Ihe 
lexL  Noie  S^,*0^75  where  for  JifTerenl  W,  are  li^ied 
in  Table  L 

The  observed  high  speculahly  b  expected,  since  with  our 
fabrication  scheme  no  addibonaJ  surface  scanering  centers 
aie  creoled  and  the  edge  of  the  ID  electrons  la  defined  by  an 
electrosladc  poienlial.  Consequently,  the  electron  mean  free 
path  is  expected  to  be  ituensiiive  to  the  wire  width,  and  the 
maicriol  quality  will  rvol  be  degraded  by  the  additional  lateral 
conhnemenL  This  is  funbet  coofumed  by  examining  the 
zero'held  mobility.  Figure  4  stimmari2es  the  dcasity  and 
zero* held  nsobiUty  as  a  function  of  for  L— IS  fim,  where 
the  density  is  obtained  from  the  slope  of  p„  at  fi>l  T  and 
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o 

'  I 


KF  I0»  10' 

Cnanr>fi1  Width  inanomeiars) 

FIG.  4.  The  effecuve  2D  density  and  lero-heki  roobUiiy  os  d 
funLtiun  of  W/.  The  inset  is  the  loganihnutic  plul  where  the  solid 
line  indicaln  the  power  law  dependeoce. 


minima  of  p,,  at  B>3T.  For  Hall  bars  with  VV^>200nm. 
the  density  remains  more  or  !e&s  conslanL  We  ascribe  the 
slight  variation  in  the  density  to  the  nonuni  formity  of  the 
MBE  grown  niateriaL  For  W,<  300  run.  we  observed  an  ap* 
parent  reduebon  in  density,  which  is  attributed  to  the  combi* 
nabon  of  two  effects'  lateral  quonbzabon  and  the  slightly 
narrower  conducting  channel  width  due  to  the  lateral  deple* 
lion  width.  The  laleral  depletion  width  is  estimated  to  be  30 
nm,  and  this  makes  WaiVV^.  The  zero*lield  resiadvity  docs 
not  show  a  strong  temperacure  dependeoce  for  Wj>300nm 
at  4  K.  However,  due  to  weak  and  strong  locolizabon 
effects.'^'*  p,.  (B»0)  increases  by  8%.  43%.  and  70%. 
respeebvely,  for  W^~20U,  100,  and  80  lun  as  tempemture  is 
decrea.vcd  from  4  to  2  K.  This  makes  the  determination  of  the 
zeiO'Seld  nsobOily  le&s  meaningful  for  W^<200nm.  espe* 
ciolly  for  80  run.  The  inset  of  Fig.  4  depicts  the  depen* 
dence  of  the  mobility  on  the  density  at  4  K.  We  found  that 
the  mobility  scales  with  the  density  in  the  same  way  os  in  2D 
systems. as  indicated  by  the  solid  line  in  tbe  mseL  In  other 
words,  again,  lateral  confinement  doe.«  not  introduce  signifi* 
cant  diffusive  boundary  scabering  that  can  localize  the  elec* 
trons.  which  is  consistent  with  the  observed  high  specularity 
of  boundary  scabering.  As  a  result  of  tbe  reduction  of  earner 
density  and  mobility  for  narrow  W/,  however.  I,  is  reduced 
slightly  (see  Table  1). 


B.  Mufinrlodtpupulotiun  of  ID  channels 

The  fact  that  material  quality  docs  rvol  deteriorate  from 
tbe  additional  lateral  confinement  easily  brings  out  InAs 


TABLE  I.  Sample  pununeien  fur  diJferenl  lugeted  churtnel  wiJih  Wi  The  critical  mugoetic  Held  is 
cakulaied  by 


Wf  (lun) 

5000 

1000 

700 

450 

300 

200 

100 

■ 

80 

nje  ;  10“  col  -) 

4.92 

471 

4.19 

429 

4.01 

4.04 

331 

2.7 

200 

186 

149 

143 

139 

139 

143 

Xf  (nm) 

36 

37 

39 

38 

39 

39 

44 

48 

1,  (#on) 

2J 

2,1 

1.6 

1.5 

IS 

1.5 

1.4 

*.n,  (T) 

•  ~~ 

0.046 

0.23 

0.30 

048 

0.70 

1.05 

1.90 

2.14 

■ 
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IrB  (WStff'} 

RG.  S.  The  )D  channel  indices  oblajned  from  ihe  miniou  of 
osciUaliaci£  a£  a  funciion  of  B~'  for  200  am  and  (b)  100 

run.  The  JasheJ  linear  lines  describe  die  expected  dependence  of  a 
2D  electron  sytiiem,  aral  die  M>lid  curves  are  the  calculated  results 
assuming  a  parabolic  lateral  conliaemeni  potential.  The  dashed 
curves  in  the  inset  are  the  calculated  Laodju  levels  mcludlng  the 
curaparubobc  effect  of  the  ItiAs  conducliuo  band.  The  solid  curves 
10  the  inset  depict  the  evolution  of  the  ID  subleveU  to  LaoJju 
levels  for  lOOnm 

wires  into  the  effectively  pure  ID  metal  regime  ( orvd 
makes  it  possible  to  observe  magrieuc  depopulation  of  ID 
subbands.  When  a  ID  system  is  subjected  to  o  perpendicular 
magnetic  held,  the  ID  density  of  slates  evolves  into  2D  Lan* 
dau  levels,  as  depicted  in  the  inset  of  Fig.  5(b)  for  a  channel 
width  of  100  nm.  A  magnetic  held  imposes  additional  para* 
bolic  conhoement  on  the  electrons  and  results  in  hybnd 
eleccric*magnelic  subbands.  The  hybrid  subbands  eventually 
evolve  into  Landau  levels  ai  higb  magnetic  Seld  when  the 
strength  of  the  magnetic  parabolic  conhrvemenl  surpasses  the 
(lateral)  electrostatic  one.  The  crossover  occurs  when  the  di* 
ameier  of  the  cyclotron  orbit  for  each  Landau  level  becomes 
smaller  than  the  channel  width.  This  occurs  when 

where  the  Landau  level  (or  ID 
channel)  index  1.2.^.... .  Evideoce  for  the  ID  sublevel 
formation  is  provided  by  magnetodepopulation  experiments, 
where  the  magDeloresistance  oscillations  are  no  longer  peri* 
odic  in  B~\  Figure  5  shows  the  ID  channel  index  and  the 
experimental  p,,  as  a  functional  of  The  oscillations  in 
p,,  are  masked  by  the  quantum  interference,  including  the 
universal  conductance  fluctuations (UCF)  and  the  structural 
resonance  effect^'  (which  will  be  discussed  in  Sec.  TV  A). 
This  makes  the  determination  of  minimum  in  p,,  difbcull  at 
low  helds.  We  have  hliered  out  the  fast  components  of  p,, 
due  to  quantum  hucTuatioos.  and  assigned  the  proper  ID 
channel  index  based  on  the  larger  oscillation  amplitudes.  Ten 


(bve)  ID  sublevels  are  observed  for  IVj— 20Dnm  (100  nm). 
in  good  agreement  with  the  eslimoies  of  10  (4)  frvm 
2  .  It  IS  clear  that  the  ID  index  sions  to  deviate  from 

ihe  2D  linear  relaiionshlp  around  1.01  T"'  at  for  W; 
*200  nm  and  0.67  T’‘  at  \«*4  for  W,*  100  nm.  The  cor¬ 
responding  cyclotron  diameters  are  calculated  to  be  200  and 
111  nm.  respectively,  implying  that  the  exact  conducting 
width  is  very  close  to  the  targeted  one,  i.e., 

Although  the  data  pieseoled  in  Fig.  5  are  sinular  to  what 
have  been  observed  in  GoAs  nanowires,  they  cannot  be  6l  by 
assuming  a  harmonic  potential  cootioetneol.  We  follow  the 
procedures  laid  out  by  Bciggren  ei  ifiJ'  and  impose  two  con¬ 
straints  in  the  filling  parameters.  FirsL  the  calculated  effec* 
tive  width  W  cannot  exceed  204  of  W, .  Second,  the  effec¬ 
tive  2D  density  (U|o^^.  where  n,o  is  the  ID  electron 
density)  cannot  exceed  the  bulk  2D  value  4,9X10'*  cm~~. 
The  solid  curves  in  Fig.  5  are  the  best  fils  to  the  linear  regime 
obtained  by  assuming  an  effective  mass  of  0.02&mQ.  The 
harmonic  quantization  energy  n  |  q  .  and  W  are  obtained,  re* 
speclively.  to  be  3.5  meV.  8.9X10®  cm"’,  and  182  run  for 
Wjs’OOniTU  and  5,8  meV.  4.1  X  10®  cm’‘.  and  100  nm  for 
Wj*  100  nm.  Although  the  parameieis  obtained  are  physical, 
the  numerical  fits  to  the  high  indices  show  a  deviation.  The 
fitting  results  indicate  that  the  lateral  poieniioJ  shape  is 
steeper  than  parabolic.  The  total  lateral  depletion  width  (in* 
eluding  two  boundaries)  is  empirically  determined  to  be  30 
run.  An  accurate  description  of  the  potential  profile  requires  a 
2D  self-coosislent  calculation  and  an  understanding  of  the 
detailed  impurity  distribuiion.  Nevertheless,  this  fitting  exer¬ 
cise  does  reveal,  as  expected,  a  ID  subband  slruclure  with  a 
large  quantization  energy. 

IV.  MACiNETORESlSTANCE  IN  SHORT 

N.4NO WIRES :  QUASIB ALLISTIC  AND  B AL  LLSTIC 
TRANSPORT 

A.  Quuiliun  iaicrfmotw 

As  a  result  of  the  short  lateral  depletion  length,  nanode¬ 
vices  can  be  fabricated  close  by  one  another.  For  example, 
the  spacing  of  the  voltage  probing  leads  for  100  nm  is 
as  short  as  400  nm,  and  in  principle  can  be  further  reduced. 
As  the  probe  spacing  approaches  and  eventually  becomes 
shorter  than  L,  the  mognelorasistance  exhibits  different 
characierislics  from  what  have  been  described  in  the  preced¬ 
ing  section.  Figure  6(a)  shows  the  longitudinal  u)  r^i^ 
lance,  w'here  current  is  passed  from  lead  i  to  2  and  the  volt¬ 
age  difference  is  measured  from  3  to  4.  The  lead  numbers  are 
indicated  in  the  inset  of  Fig.  6(b)  that  shows  an  AFM  image 
of  a  Hall  bar.  Tbe  arrowa  mark  the  corresponding  for 
different  Wf.  For  200nm«H'^«l  ^m,  ffjiw  exhibits  two 
features:  a  magneiore^istance  peak  below  Bf|^^ .  and  a  repro¬ 
ducible  quantum  interference  signal  that  slightly  disions  the 
SdH  oscillations.  The  resistance  peak  is  a  result  of  junction 
scattering  of  ballistic  electrons,  which  will  be  elabomted  on 
in  Sec.  rVfi.  The  interferaoce  signal  manifests  two  signa¬ 
tures:  aperiodic,  fast  vanalion  UCF  at  low  fields,  and  quasi- 
periodic.  slow  fiuctuations  due  to  tbe  structural  resonance  at 
high  fields  However,  when  the  width  and  length  ore  further 
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a(MiA) 

RG  6  (a)  Longiiudiaol  oni  (b)  lnm»Yerae  ff|«  nugoe- 
lureuMjace  for  ibe  »hon  se^meni  of  ihe  Hull  bur,  where  the  urruw* 
iiHlicuie  the  pusiuoa  The  iitsel  is  un  AFM  imuge  uf  u  300-nfn 
Hull  bur.  where  leuJ  itumbets  ure  ituiicuied 


reduced,  UCF  ore  not  discenuble  due  lo  the  nature  of  the 
baUislic  transport.  Instead,  the  interference  due  to  the  struc* 
uiral  resonance  dominates  even  at  low  fields  I W)^  100  nm) 
and  eventually  cxcecdit  the  SdH  strength  for  whole  range  of 
magnetic  field  (Wj^SOnm).  The  sirveturaJ  resonance  at 
high  field,  where  only  the  lowest  Landau  level  is  occupied. 
haNe  a  spacing  of  — O.ll  T  (—0.15  T)  for  100  nm  (80 
nm).  It  is  interesting  to  note  that  the  period  of  the  Aharonov* 
Bohm  (AB)  interference  corresponds  to  an  enclosed  area, 
which  is  approtimalely  the  "channel  space,"  i.e.,  100 
X400Dn)-  (80X400 nm’). 

The  electron  pha.*;e  coherence  length  is  an  important  pa* 
rameter  that  needs  to  be  deiennined  for  our  nanosystem. 
EIccDon  interference  phenomena  such  as  weak  localization, 
UCF,  and  AB  oscillations  in  ring  souccures''*'  have  been  used 
to  determine  However,  the  suppression  of  weak  locoliza* 
don  by  a  magnetic  field  is  masked  by  UCF  for  200  nm 
<  Wi^  1  fim  in  both  short  and  long  segments.  Consequently, 
we  estimate  from  the  root  mean  square  of  the  resistance 
fiuctuatioQ  here  and  from  AB  osciUalioas  (discussed  in  the 
following  section).  It  is  expecied  that  UCF  wocid  disappear 
as  L  is  reduced  and  approaches  t, .  When  L^l, ,  the  strength 
of  UCF  depends  on  the  relafive  length  scale  of  L  and  /^,  as 
expressed  by"’’ 


9  // 


Here  the  thermal  length  is  defined  os  and 

D—  V/!,.  where  D  and  V/  are  the  ID  difhision  constant  and 
the  Fermi  velocity,  respectively.  For  Wj*!  /im  (700  nm). 


is  6X10’’  (7X10’’).  corresponding  to  1.5  (1.8) 
e~/h.  The  electron  phase  coherent  length  is  estimated  to  be 
2.5  fun  (2.0  fiia)  a!  4  K  for  our  ID  wires.  It  bas  been  shown 
that  at  4  K.  is  dependent  on  lempcruture  as  It  is 

then  expected  ibul  in  InAs  quasi*lD  system,  will  be 
longer  than  10  /urn  at  sub*Kelvin  temperatures,  comparable 
to  what  has  been  measured  m  GoAs/AlGaAs  ID  systems. 

It  is  worth  menfioning  that  the  sheet  resisfiviiy  obtairved 
from  the  short  segment  is  always  larger  ihui  from  the 
long  one  by.  e,g„  105t  for  ^m.  and  increases  mono* 

tonic  ally  to  70ft  for  W'j»200nm.  This  observation  is  ac* 
counted  for  by  nonlocal  effects,^  When  L  approaches  or 
becomes  less  than  both  the  voltage  and  current  leads 
become  an  integral  part  of  ibe  device  under  inspection, 
which  makes  Ihe  effective  size  of  device  larger  than  what 
been  defined  by  lilfiograpby.  Ln  addition,  wbeo  L<l,<l^, 
the  resistance  in  the  sbon  segments  decreases  as  the  tempera* 
lure  is  decreased,  opposite  from  what  bas  been  oteerved  in 
the  long  segments.  For  example,  the  resistance  decreases  by 
13%.  27%.  and  37%,  respectively,  for  W',«200.  100.  and  80 
nm  as  temperature  is  decreased  from  4  to  2  K.  This  is  ex* 
plained  by  noting  ibe  system  af^rooches  ballistic  trans* 
port  at  Q  lower  temperature. 


B.  Quenthln^i  nf  Ihv  Ilutl  cITccf  und  liond  resHluncc 

Experimental  verification  of  ballislic  iranspon  pfieoomena 
in  InAs  nanowires  is  discussed  in  the  following.  In  cross 
junction  devices,  we  have  oteerved  the  auenching  of  the 
Hall  effect,  a  weak  "last  plateau"  feature,*  and  negative 
band  resistance;’^  ali  of  these  indicate  that  the  system  is  in 
the  bollisbc  transport  regime  and  that  there  is  a  subsianiiol 
coliimatioQ  effect.  Tbe  Hall  resistances  (f?)^)  for  200*. 
100*.  and  80*nm  wide  cross  junctions  are  shown  in  Fig.  6(b). 
The  observed  low*fie]d  Hall  resistance  con  be  negative,  zero, 
or  superlinear,  and  is  strongly  dependent  on  the  exact,  de* 
tailed  geometry  at  the  junedon.  Sucb  a  deviation  from  ideal 
classical  Hall  characteristics  at  low  fields  is  observed  only  in 
tbe  two  narrowest  wires,  100  and  80  run,  reflecting  that 
the  junction  comers  arc  relatively  sharp.*^*  In  other  words, 
sharp  comers  suppress  quenching  for  W^>20Qnm.  As  the 
magnetic  field  increases,  tbe  last  plateau  feature  In  Aii46  is 
accompanied  by  o  magnetoresisiance  peak  in  A  (134.  Both 
result  from  eleclioD  guiding  due  to  the  Lorentz  force.  Be* 
cause  of  the  sharp  comers  at  the  cross  junction,  the  last  pla* 
leau  feature  is  weak  in  our  samples.  It  disappears  at  high 
fields  when  as  the  system  is  brought  to  the  2D 

regime. 

In  our  narrow  cross  junctions,  the  collimation  effect  also 
generates  a  strong  negative  bend  resistance,  as  shown  in  Fig. 
7  for  W/^  100  nm.  Based  on  Ihe  classical  picture,  (S 

»Q)  should  be  close  to  zero.  However,  in  the  ballistic  re* 
gime.  electrons  injected  from  lead  6  more  efficiently  transmit 
to  tbe  modes  in  lead  4  ifion  to  those  iu  lead  I .  and  this  results 
in  a  negative  voltage  of  V'j*.  Under  a  perpendicular  mag* 
nelic  field,  tbe  Lorentz  force  changes  the  trajectory  of  elec* 
irons  and  eventually  destroys  the  negative  bend  resistance. 
The  field  that  destroys  the  neganve  bend  resistance  also 
marks  the  onset  of  the  last  Hall  plateau  feature.  We  find  the 
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FIG.  7  BenJ  re^utunce  for  a  cto&«  jufiklion  with  100  om. 
Note  iba  asymreeinc  feaiure  aruimd  E^O  and  SdH-lika  asLnJbliotu 
above  3  T. 

same  critlcaJ  fields  taken  from  the  same  junction  at  *-0.S  T. 
The  observed  criticaJ  field  is  larger  than  what  has  been  ob* 
served  in  GaAs/AlGaAs  nanowires,  and  is  in  good  agree* 
meni  with  a  calculation  assuming  o  hoid'wall  confinement 
and  sharp  comers.*"  The  fbur^terminal  resistance  re* 

covers  to  2D  SdH*like  oscillations  at  high  fields,  as  expected 
for  a  Van  der  Pauw  geonsetry.  We  note  that  whiJe  the  bend 
resistance  returns  to  the  2D  characteristics  under  a  sweeping 
magnetic  held,  there  is  no  significant  os'ershool,  again  indl* 
eating  that  our  junction  is  sharp. 


V.  MACINETORESICTANCE  CHARACTERIZATION 
IN  RINILS:  AHARONOV-BOHM  OSCILLATIONS 

The  AB  interference  effects  have  been  studied  extensively 
in  mesoscopic  metallic*^  and  semi* 

conducling^^  rings.  In  narrow  metal  wires,  electrons  show  no 
size  quantization  effects  even  at  the  lowest  tcmperaiures. 
They  suffer  from  elastic  scattering  {with  a  typical  /,—  1  to  10 
nm)  and  traverse  the  ring  di^sively.  YeL  Afi  interference 
experiments  make  it  evident  that  there  is  loog*range  phase 
coherence.  Experiments  on  semiconducior  rings,  ponicularly 
those  fabricated  from  high  mobility  GaAs  beterojunctions, 
have  gained  insights  into  the  mechanism  of  the  AB  interfer* 
ence.  In  combination  with  our  oanofabneatiem  scheme  and  a 
resulting  hard*waJl  confining  potential,  the  diameter  of  the 
LnAs  rings  can  be  made  smaller  than  I,  and  with  much  better 
control  and  knowledge  of  the  wire  width  than  for  the  GaAs 
coiinterpan.  As  the  system  enters  the  ballistic  transport  re* 
gime.  the  AB  oscillations  exhibit  characteristics  different 
from  what  have  been  coraruonly  observed  in  GaAs  rings. 

Figure  8(a)  shows  the  mognctoresistonce  of  a  S00*run  ring 
with  10(1  nm  at  2  K,  where  two  traces  were  recorded 
simultaneously  using  voltage  leads  on  the  opposite  sides  of 
the  current  channel.  Aside  from  the  difference  in  the  absolute 
resistance  value  due  to  rvonlocol  e^ats,  these  two  traces  con* 
sist  of  AB  oscillations  superimposed  on  an  asymmetric  nega* 
dve  magneloresislance  with  siepllke  features.  e,g.,  at  ±2S0 
mT.  The  system  reiums  to  2D  behavior  above  2  T  and  ex* 
hibils  SdH  oscillation.^  similar  to  the  middle  curve  in  Fig. 


RG  6.  (o)  The  mogaelurevistiince  of  iia  InAa  ring  of  u  cliaroeler 
of  500  nm  and  100  nm.  T\m»  inices  ore  uiken  simuluuieuUMly 
u»ing  two  nymmetnc  pairs  of  the  voltage  leads  The  left  lasel  Bhuw» 
the  AFM  image  of  a  device  on  ihe  some  wafer,  (b)  Tbe  AB  osciU 
lauons  of  where  tbe  aiDuuth  bacLgrouoJ  resLuace  L 

subiTJcteL  The  Fourier  power  apccirum  of  iJu  &R  cs  displayed 
iQ  tbe  nghi  iruet  of  (o).  Tbe  slunt  murks  oo  the  lop  of  h/e  and 
A/2e  peiikv  irvdkue  the  full  width  uf  (be  peak,  while  the  long 
one*  >thuw  the  expected  width  bused  on 
and  respectively. 


6(a),  The  large  negative  magneiorusistance  around  zero  field 
IS  attributed  to  the  reduction  of  backscattenog  at  the  inner 
wall  of  the  loop,  and  the  steplike  feaniies  are  accounted  for 
by  cyclotroo  trapping.*^  When  the  large  negative  background 
resistonce  is  subtnicled.  the  oscillations  corresponding  to  A/e 
and  h/2c  fluxes  are  clearly  observed  in  Fig.  8(b)  The  strong 
oscillations  occur  up  to  1  T  or  so,  and  remain  discernable 
until  —2  T.  consistent  with  estimated  for  W,*  100  nm  in 
Table  I.  The  Fourier  spectrum  of  oscillations  in  the  range  of 
±250  mT.  shown  in  the  losel  of  Fig.  8(a),  exhibits  four  har* 
monic  components.  The  fundamental  frequency  U  centered 
at  T''.  implying  on  average  diameter  of  503  nm.  It  ii 
found  that  the  amplitude  of  the  fundamental  peak  h/e  is 
twice  the  second  peak,  ten  times  the  third  peak,  and  about 
twenty  times  the  fourth  peak.  Unlike  what  has  been  observed 
in  GaAs  nogs,  tbe  amplitudes  of  these  four  peaks  do  not 
follow  an  exponential  dependence  expected  for  Ihe  diffusive 
transport.  This  is  attributed  to  tbe  fact  that  the  fundameolal 
and  the  second  harmonic  peaks  result  from  ballistic  and  qua* 
siballistic  electrons,  respeciively.  Consequently,  we  have 
used  the  third  and  the  fourth  harmonics  to  fit  an  exponential 
decay  forrmiJa  expt— L/L^),  where  L— /X  7rrf„^.  /  is  the  or* 
der  of  (he  harmonics,  and  is  (he  diameter  of  the  ring.  We 
obtain  L»=.T.7  fim  at  2  K.  compared  with  L^*2.5  /sm  ob* 
taioed  ai  4.2  K  for  the  same  W,  as  discussed  in  Sec.  IV  A. 

In  (he  case  of  diffusive  metallic  rings,  w'here  ,  the 

width  of  the  hie  fundameolal  peak  is  found  to  be  determined 
by  the  inner  and  outer  diameters  of  the  conducting  wire,  i.e.. 
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/(/i/p).  As  a  rcsull.  il  b  a  common  pracllce 
U)  estimate  W,  from  the  v^idth  of  the  hie  peak  for  GaAs 
rings,  where  the  knowledge  of  is  lacking  due  to  the  fact 
that  W>W, .  Tlve  full  width  of  ihe  hU  peak  In  our  InAs 
baUislic  ring  is  13.6  T  from  which  we  can  infer 
=36  nm  as  opposed  to  100  run,  which  was  obtained  from  the 
previous  discussion  in  Sec,  IIIB.  If  the  corvductlng  channel 
width  were  indeed  36  nm,  we  should  have  only  one  ID  sub* 
les'el  occupied,  in  coolradicticm  to  the  unambiguous  observa* 
don  of  hlliog  factor  6  in  at  2.25  T,  A  similar  experi* 

meni  done  on  a  one*micron  InAs  ring  with  iVr=  100  nm 
shows  a  much  oairower  width  of  the  hie  peak  than  expected, 
20  T’‘  as  opposed  to  76  T'*. 

Another  chaiacleri&tic,  which  is  different  from  that  in 
GaAs  rings,  is  that  the  position  of  the  fundamental  peak  is 
insensitive  to  the  magoetic  held.  We  hns'e  carried  out  Fourier 
transformolion  on  the  magneioresisiance  with  0,5  T  intervals 
up  to  2  and  2.5  T  for  500*iim  and  I '/mi  diameter  rings, 
respectively.  The  power  amplitude  of  the  hie  peak  decreases 
as  the  magoetic  6eld  is  increased,  but  the  peak  position  re* 
mains  approximately  the  some. 

VI.  CONCLU.SIONS 

We  have  performed  systematic  and  detailed  magnetoresis* 
taoce  measureoieols  on  loAs  nanometer  wires  and  rings  fab* 
ricated  by  a  scheme  that  employs  a  />*dopcd  cap  layer  to 
create  an  insulating  sample  lo  start  with.  Based  on  studies 
with  various  wire  widths  down  to  SO  nm  and  lengths  down  to 
400  nm.  we  found  that  the  lateral  confmement  leads  to  pre* 
dominately  specular  boundary  scattering,  and  as  a  result  the 
elastic  mean  free  path  is  uot  substantially  degraded  when  the 
system  is  patterned  into  nanometer*wide  quantum  wires.  In 
addition,  the  conducting  channel  width  is  approximately 
nm  narrower  than  the  pattern  width  defined  by  wet  etching.  A 
number  of  ballistic  transport  phenomena  are  observed  in  the 
Holl  bar  geometry  at  4  K.  including  the  quenching  of  the 
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Hall  resistance,  the  last  Hall  plateau,  and  a  negative  bend 
resistance.  Then  dependence  on  the  magoetic  Seld  indicares 
a  relatively  sharp  comer  in  the  cross  junction.  Quantum  phe* 
nomena  such  as  magoetic  depopulation  of  I D  sublevels  and 
universal  conductance  fluctuations  ore  also  observed  in  InAs 
wires. 

We  have  also  studied  the  Afi  quantum  interferences  in  the 
ballistic  regime  in  which  the  diameter  of  rings  is  less  than  the 
elastic  mean  free  path  and  also  the  phase  coherence  length. 
The  AB  oscillations  in  our  ballistic  InAs  rings  exhibit  char* 
acleristics  different  horn  those  reported  in  GaAs  rings.  Firsl. 
due  to  the  smallness  of  the  ring  size,  we  have  observed  up  to 
the  fourth  harmonic  component  fj/4e.  in  the  Fourier  power 
spectrum  of  the  AB  fficillations.  However,  as  a  result  of  the 
ballistic  nature  of  the  electron  transport  in  the  fundamental 
and  the  second  harmooic  compemeots,  the  amplitudes  of  the 
four  harmonic  pcaLs  do  not  follow  a  simple  exponential  de* 
cay  as  expected  by  the  diffusive  picture.  Secood.  unlike  in 
the  case  of  diffusive  rings,  the  full  width  of  the  A /e  peak  in 
our  ballistic  InAs  riogs  is  much  narrower  than  that  esumated 
from  the  channel  width.  Third,  the  positiou  of  the  hlc  peak 
does  not  shift  toward  lower  frequencies  as  the  magnetic  held 
IS  increased. 

In  summary,  we  have  demonstrated  o  nanofabrication 
scheme  leading  to  a  ID  system  possesses  desired  prop* 
erties  for  oanodevices.  including  specular  boundary  scatter* 
ing.  a  strong  lateral  confinement  potential,  and  a  conducting 
channel  width  that  is  approximately  30  nm  narrower  than  the 
etched  wire  width.  This  InAs  luinosyslem  is  able  to  provide 
additional  insights  into  ballistic  ininsporL 
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